Experimental and numerical investigations are conducted to investigate the noise induced by asubsonic flowover acavity.Particular attention is focused on the problem of low-frequencypressure oscillations inside the cabins of automobiles with open sunroofs. The mechanisms of buffeting noise are examined by considering amodel cavity. Extensive experiments are performed to validate the computational scheme developed in the present study.This computational scheme is used for designing generic deflectors for reducing buffeting noise. Experimental and computational results showthat the traditional generic deflector is unable to reduce the buffeting noise when the flowv elocity is sufficiently high. However, av ented deflector allows the effective control of the buffeting noise at relatively high flowspeeds.
Introduction
The aerodynamic noise induced by afl ow overac avity is important for aircraft and automobile design. This unsteady noise triggered by an airfoil slat [1] or the landing gear (e.g., [2] )ofacruising vehicle is amajor aeroacoustic source [3] . In the case of land-based vehicles, buffeting noise is produced when air flows oversunroofs at lowsubsonic speeds [4, 5] , side-windows [6] , or other body cavities. The wind buffeting noise is an aeroacoustic response of the air bulk trapped in the cavity of external transient airflows [7] . It is characterized by ahigh noise levelwith ar elatively lowf requency, ranging from 10 to 50 Hz. Its magnitude may exceed 130 dB, causing unacceptable discomfort to the drivera nd the passengers [8] . According to Rockwell and Naudascher [9] , this phenomenon is attributable to the resonant oscillation of fluids.
An initial survey on automobiles indicated that the wind noise is consistently one of the top consumer complaints that have adirect impact on the consumers' brand loyalty and vehicle sales [10] . Of all consumers' complaints pertaining to automobile noise, 24% is specifically linked to the sunroof buffeting noise (e.g., [5] )that makes its reduction as one of the top priorities for improving passenger comfort.
With the development of computational fluid dynamics (CFD)t echniques and the availability of inexpensive Received8August 2011 , accepted 29 March 2012 computational resources, the use of numerical simulations for studying wind buffeting noise has become more affordable. Unsteady,i ncompressible Navier-Stokes (N-S) equations are often adopted to predict the buffeting noise characteristics [11] . However, one cannot successfully predict the high noise levels at specificvehicle speeds and in aspecificfrequencyrange because the resonant oscillation of fluids cannot be faithfully simulated without accounting for the compressibility effect of the flow [ 8] . Further,Anet al. [12] showed that the sound pressure level wasunderestimated by more than 10 dB and the buffeting frequencywas overestimated when the effect of compressibility wasnot integrated into the numerical analyses.
Hence, the inclusion of compressibility in the numerical analysis is of vital importance for predicting the buffeting noise. On the other hand, one can possibly adopt compressible N-S equations in the simulation of afl ow with alow Mach number.The so-called stiffness problem [13] is known to lead to an inefficient and inaccurate implementation of most conventional CFD schemes. To solve the stiffness problem, Inagaki et al. [8] derivedas et of basic equations from compressible N-S equations. An assumption of the weak compressibility effect wasused for correlating the deviation of pressure from the atmospheric pressure. Their simulation results agreed well with the experimental data.
It is well known that buffeting noise is acomplexfeedback mechanism involving the amplification and convection of small instabilities by the shear layer.The impingement of these flowi nstabilities at the downstream corner generates acoustic waves. These high-amplitude acoustic waves, in turn, travelu pstream and excite further disturbances in the shear layer,l eading to as elf-sustained oscillation process [9] . It should be pointed out that specific buffeting control methods can work only under certain circumstances. However, manyo ft hese proposed methods are not well understood and thus are not effectively utilized [7] to suppress the buffeting noise in acavity.Inthis study, an accurate CFD scheme wasapplied to design an effective deflector for reducing the wind buffeting noise. We wish to explore the method of flow"venting" by introducing a secondary opening in the deflector.U se of the secondary vent may cause unsteady oscillations at other frequencies. However, amore careful design supported by accurate numerical simulations should be sufficient to minimize this potential drawback of introducing the additional opening in the deflector.
The rest of this paper is organized as follows: The experimental setup and the computational scheme are introduced in section 2. In section 3, the validity of the CFD simulations is confirmed by comparing the experimental data with the numerical results for the subsonic flowover asimple cavity.section 4describes the process of designing as imple deflector and av ented deflector to reduce the wind buffeting noise. Section 5presents the numerical simulations that are used for examining the mechanism of noise suppression for the simple deflector and the vented deflector.The conclusions and outlook of the research are giveninsection 6.
Experimental and computational models

Experimental setup
The experimental facility used in the present study is an acoustically treated small-scale blown-down wind tunnel located at Ray W. Herrick Laboratories of Purdue University (see Figure 1 ).T he wind tunnel consisted of an inlet section, ar ectangular test section, and ad i ff user section. The inlet section consisted of asettling chamber mounted with honeycomb and layered meshes. Aparabolic rectangular contraction wasc onnected from the inlet section to the test section where au niform velocity profile (within 2%)w as obtained at the inlet of the test section. The test section was1 ,200 mm long, 450 mm high, and 530 mm wide. The sidewalls and ceiling were made of 25-mmthick Plexiglas to facilitate flowv isualization. The floor wasmade of 15-mm-thick plywood for easy removalthat allowed arapid installation of experimental rigs and flow control devices. The diffuser section wasbuilt with an anechoic termination that served to minimize the sound reflected from the outlet of the wind tunnel. The primary diffuser wasc onnected with the outlet of the test section. An extractor fanw as housed within the primary diffuser with the allowable axial distance minimized. The primary diffuser section also served as the principal sound absorption region. The secondary diffuser wasdesigned to further slowt he air stream as well as to provide acoustic attenuation. The fanw as drivend irectly by aR eliance Electric 14.9-kW AC motor,a nd aR eliance Electric variable frequencyc ontroller wasu sed for precise fans peed control [14] . The maximum flowvelocity achievedwas 28 m/s (100 km/h)with 1% span-wise uniformity.
Asingle-wire hot-wire anemometer wasused for measuring the root-mean-square fluctuations of the velocity with the mean value ranging between 13 and 40 m/s. Six locations across across-sectional plane, which waslocated 530 mm from the entrance of the test section, were chosen for the measurements. An average of 0.1% of the mean flowvelocity in the frequencyvarying from 1Hzto3kHz wasreported [15] . All connections in the test section were sealed with O-rings in groovest om inimize the acoustic leakage.
An open-top rectangular box with aspan-wise width of 0.3 m, length of 0.4 m, and depth of 0.29 mwas used as the model cavity (see Figure 2) .The volume of the rectangular cavity waschosen with aone-fifth scale comparable to the cavity of at ypical automobile'sc abin. The front part of vehicle wasignored in the experimental study as the main focus wasthe development of an effective means to reduce wind buffeting noise.
The model cavity wasm ounted on the plywood floor of the test section. There wasar ectangular aperture with as pan-wise width of 240 mm and al ength of 100 mm along the centerline on the test section'sfl oor.T he leading edge of the rectangular aperture waslocated at 400 mm downstream of the test-section inlet. The cavity center was aligned with the center of the rectangular aperture. This model is referred to as Model Ainthe following sections. ABrüel and Kjaer type 4236 1 / 4 "microphone wasflush mounted at the geometric center on the floor of the cavity. It wasu sed for measuring pressure fluctuations at three different mean flowspeeds of 15, 20, and 25 m/s. ABrüel and Kjaer type 5936 dual microphone supply wasused as the power source for the microphone. AB rüel and Kjaer type 7533 pulse frequencyanalyzer,which wascontrolled by adesktop computer,was used for analyzing and recording acoustic data for subsequent processing.
Computational schemes
Assuming aw eak compressibility effect for al ow-speed flowwith no heat sources, Ingaki et al. [8] showed that a set of non-dimensional equations can be summarized as
Re
where M is the Mach number, p is the pressure fluctuation, u j is the flowv elocity in the x j direction, t is the time variable, and Re is the Reynolds number of the flow. Note that the first term on the left side of equation (1a) accounts for the deviation from the divergence-free condition of an incompressible flow. The density,temperature and sound speed of air are taken as constant because alow Mach number flowisconsidered in the current analyses.
To obtain numerical solutions for equations (1a) and (1b),r esearchers frequently use al arge eddy simulation (LES)approach [16] on the resolved velocity and pressure in favorofpand u j .These resolved components (u j and p) are defined as
and
where G Δ is the filtering kernel with acharacteristic length scale of Δ.Applying the operator G Δ in equations (1a) and (1b),weobtained aset of filtered equations,
where τ ij is the subgrid-scale stresses. In fact, these twoe quations were essentially the same as the governing equations for the incompressible LES except for the first term on the left side of equation (3a).This term could be represented by as ource term added to the incompressible equations instead. The Smagorinsky-Lilly subgrid-scale stress (SGS)m odel [17] wase mployed to close equations (3a) and (3b) as
where µ t is the subsgrid scale turbulent viscosity and S ij is the sub-grid scale shear strain tensors. Theya re given, respectively,by
where L s is the mixing length for the subgrid scales, and
The mixing length L s wascomputed using
where k is the vonK arman constant, d is the distance to the closest wall, C s is the Smagorinskyconstant, which is set to 0.1, and V is the volume of the computational cell. As mentioned before, the weak compressibility effect wasaccounted for by the additional term in equation (1a). In the present study,ac ommercially available CFD software package, Fluent, wasu sed. In particular,a ni ncompressible fluid model wasu sed, butt he additional term giveninequation (1a) wasincluded in the continuity equation as the source term. This could be achievedbyauserdefined function (UDF)m odule in Fluent to predict the fluctuating pressure due to the aeroacoustic noise sources. It should be mentioned that the governing equations solved by Fluent are usually giveni nt he dimensionalized form. However, equations (3a) and (3b) are specified in the nondimensionalized form. To account for this apparent discrepancy, the density and viscosity of air were set at 1and 1/Re respectively in running the Fluent CFD program. The equivalent non-dimensionalized results would then be obtained directly from Fluent'snumerical simulations.
An implicit pressure-based finite volume method was used for solving the weakly compressible LES equations on unstructured grids. These unstructured grids around the cavity are shown in Figure 3 . Approximately,two million grid points were used in our computations with the minimum and maximum spatial resolutions of 0.01 mm and 20 mm, respectively.T he mesh is 'stretched' in direction normal to the wall. The ratio for the number of sampling points in the mutually perpendicular directions to that sampled in the normal direction is 5%.
Specifically,t here are twelven odal points within the viscous sublayer, y + ≤ 11.8, in the normal direction. The first nodal point is chosen at y + = 1.5. Apressure-implicit algorithm for transient calculations with splitting operators [18] wasemployed in the numerical solver.This algorithm is based on the conservation form of the momentum equation and the discretized transport equations. The computed field variables were advanced in time with the iterative time-advancement scheme. With this iterative scheme, the splitting error waseliminated because the non-linearity of the individual equations and inter-equation couplings were fully incorporated into the computations. In order to avoid the effect of the numerical diffusion, the convection terms in all transport equations were discretized by using bounded central differencing (BCD)s chemes. These schemes served to avoid possible unbounded solutions and non-physical oscillations caused by central-differencing schemes, while preserving the non-dissipative properties. The diffusion terms were central-differenced and always had second-order accuracy. The transient terms were approximated by fully implicit, second-order accurate finite differences. The pressure wasinterpolated using the pressure staggering option.
The time scale of the smallest resolved eddies in the LES dictates the required size of each time step. Ingaki et al. [8] used twod i ff erent criteria to control for the convergence of the numerical results. The first criterion was based on the smallest size of 10 l c is chosen in the present study.T he non-dimensional time step was, therefore, set as 10
l c /U 0 in the CFD scheme. The computational results showed that the ratio of the turbulent viscosity and the molecular viscosity inside the boundary layer is about 20, and this ratio approaches to zero at the far-field. Figure 4s hows the computational domain used in the present study.Itisworthyofmentioning that the LES predictions are inherently unsteady and dominated by vortical structures. The reflecting boundary conditions, which apply simple extrapolations based on zero or anyh igher order polynomials along streamlines or grid lines, will lead to unsatisfactory results. The problem of upstream- traveling perturbations triggered by outflowboundary conditions is at opic of continual interest for CFD. Thus, av ariety of so-called nonreflecting boundary conditions wasused in the current study.P articularly,the convective boundary condition according to Orlanski [19] wasu sed because Breuer [20, 21] showed that this scheme worked extremely well. The other boundary conditions were the continuity of mass at the inlet, no-slip condition, the use of the wall-function method [22] on the floor of the test section, and the use of the slip condition for the ceiling along the spanwise direction.
The wall-function method used an assumed instantaneous velocity profile between the nodes closest to the wall and the wall surface. Apopularly used wall function assumed a1 /7th power lawo utside the viscous sublayer, interfaced with the linear profile in the viscous sublayer (Werner-Wengle wall functions proposed by Werner et al. [23] ). 
The tangential velocity components could be related to the corresponding wall shear stress by integrating the velocity profile givena bove overt he distance separating the first cell from the wall. Other wall functions, e.g., the logarithmic profile, have been used in other studies, buttheywill not be considered here. 
Rossiter formula formodal resonant frequencies
On the basis of his experimental results, Rossiter [24] suggested asemi-empirical formula for predicting the modal resonant frequencies for high subsonic compressible flows overs hallowc avities. Forac avity with al arge lengthto-depth ratio L/D ≥ 1, the Rossiter modal frequencies could be determined by using the empirical formula
where n is the cavity mode, U ∞ is the free stream velocity, κ is the ratio of the vortexc onvection velocity to the free stream velocity,and γ is the time lag between the impingement of av ortexo nt he downstream corner and the emission of an acoustic wave.The empirical parameters, κ and γ,were adjusted to match the experimental data published by Rossiter [24] . He also reported that κ = 0.57 and γ = 0.25 for ac avity with al ength-to-depth ratio of 4:1 at various free stream Mach numbers [24] . In arecent study,D elprat [25] confirmed that equation (6) provides reasonably accurate estimates of the resonant frequencies of buffeting noise. Table Is hows the measured data of the Rossiter resonant frequencies for the first four modes. The predicted modal frequencies according to equation (6) with κ = 0.57 and γ = 0.25 are shown in Table If or comparison. The predicted modal frequencies were within 2.3% of the measured results.
Chatellier et al. [26] suggested that the retroaction due to the interaction of the shear layer and the impingement corner is instantaneous and that the associated parameter should be negligible and set at zero at lowMach numbers. Hence, parameter γ could be obtained from experimental data for aknown flowcondition. On the basis of the measured results for different mean flowvelocities and modal resonant frequencies, our calculations suggested that κ had amean value of 0.42 and astandard deviation of 3.8 · 10 
Validity of computational model
Section 2.1 outlined ac omputational scheme to calculate the fluctuating pressures for asubsonic flowoveracavity. To establish its suitability and accuracy, we used the computational scheme to simulate the time histories of the fluctuating pressures inside the cavity. To obtain converged results, it is essential that the CFL criterion is met. In fact, the CFL number reflects the portion of ac ell that afl uid traverses by advection in one time step. To improve the numerical accuracy, the Courant number should preferably be chosen to be less than 1.5 in order to reduce oscillations and the effect of numerical dispersion. In general, each cell in the computations has a different CFL number.Asummary of statistical data used in our numerical simulations shows that over95% of cells have CFL numbers that are less than 1.5. Typically,f orty oscillations were calculated for obtaining the statistics of the time data.
The simulated acoustic pressures showed astrong periodicity that corresponded to as elf-sustained pressure oscillation known as the wind buffeting noise. Forthe mean flows peed of 25 m/s, the apparent period of the oscillation, T ,could be determined as 9.4 ms, which wasequivalent to afundamental resonant frequencyof105.8 Hz. The measured data are also shown in Figure 5for comparison with the computational results. In general, the numerical simulations overestimated the amplitude of the fluctuating pressure. This error may be caused by the difference in the boundary conditions applied at the cavity opening between the numerical simulations and experimental measurements. It is important to note in our numerical simulations that auniform velocity profile with aturbulent intensity of 0.5% wasassumed at the inlet of the flowfield. Contrastingly,aturbulent boundary layer wasexpected in the experimental measurements where its characteristics were generally not available. Krishnamurthy [27] showed that the sound intensity induced by al aminar boundary layer wass tronger than that due to at urbulent boundary layer.However,the acoustic pressure fluctuations are generally much larger than that caused by the vortexs hedding itself. These acoustic pressure excitations are coupled with the resonant effect of the cavity.The impact of turbulent/laminar boundary layer on the wind buffeting noise is small. This can be confirmed by the fact that the computed results are in good agreement with the experimental data.
On the basis of the time histories of the fluctuating pressures, it waspossible to convert the computed data to the frequency-domain results by astandard fast Fourier transform (FFT)r outine. Figure 6d isplays the computed and measured sound power spectra at the center of the cavity bottom for the mean flowspeed of 25 m/s. Three resonant peaks -105.8 Hz, 210.7 Hz, and 316.5 Hz -could be easily identified in the computed frequencys pectrum. The first resonant peak wasthe fundamental frequencyofthe flow instability overthe cavity.These predicted modal frequencies suggested that the fluctuating pressures had good harmonicity that agreed reasonably well with the Rossiter's formula, cf equation (6),a nd the measured data. Computations were also conducted for other flowspeeds in order to obtain the corresponding modal resonant frequencies. Comparable sound power spectra could be obtained, but theyare not shown here for brevity.Nevertheless, the simulated results for the modal resonant frequencies at three flows peeds (15m/s, 20 m/s, and 25 m/s)a re listed in Table Ifor information.
Note that the background noise levels were relatively high for the experimental data at lowf requencies (see Figure 6 ).A saresult, the agreement between the computed and the measured sound power spectra wasr elatively poor at lowfrequencies. This wasbecause the computation model used in the present study did not include the simulation of the background noise.
Passive control of wind buffeting noise
Prediction of pressureand vorticity contours overac avity
The oscillation of the flowo verac avity is ar esonance phenomenon. Adesign that can lead to adisruption of the resonance mechanism may be used for suppressing resonant tones, butinpractice, it is an on-trivial effort to find an effective solution to control the buffeting noise [28] for awide velocity range.
One of the more popular methods for suppressing the wind buffeting noise is to install ad eflector at the leading edge of the cavity [29, 30, 7] . The presence of ad eflector destroys vortexshedding at the leading edge of the cavity that reduces the buffeting noise. An alternative passive method is to change the size of the cavity opening [27, 31, 7] . In this method, the frequencyo ft he resonant mode can be adjusted by varying the size of the opening so that the resonant effect can be avoided at aparticular frequency. However, this alternative method will not be pursued in the present study.
Because of the high fidelity of the flowsimulations and an accurate prediction of the resonant modal frequencies, it waspossible to explore different designs for reducing the wind buffeting noise of ageneric cavity.T oaid the design process, we studied the characteristics of the flowinstability overt he cavity by considering the instantaneous vorticity ω where it is defined as the change in circulation δΓ overasmall region of fluid δA.Inthe limit of δA → 0(the region δA has been reduced to as ingle point), ω at this point is givenb yω =d Γ (dA.F igures 7a nd 8s howt he pressure contours and instantaneous vorticity for Model A. The numerical simulations for the mean flowspeed of 25 m/s wass elected for presentation. Numerical simulations for other lows ubsonic flows peeds showed rather similar results.
Plots 7a to 7h display the pressure contours at eight time intervals for one period with at ime step of T/8b etween the adjacent intervals. These snapshots of pressure contours explained the reason for ah igh levelo fb u ff eting noise at the cavity,w hich wasr ecorded at an SPL of 115.4 dB and ar esonant frequencyo f1 05.8 Hz. Ac lose examination of Figure 7led ity.T he pressure of the vortexc ore wast he lowest and the pressure in the cavity reached its maximum value at approximately t = T/2. The convected vortexhit the trailing edge of the cavity at approximately t = 5T/8. This interaction led to the breakdown of the vortex, causing a significant reduction in the interior pressure of the cavity. The process of disintegration of the vortexcontinued and the cavity pressure reduced to its lowest value at approximately t = 3T/4. The cavity pressure increased again at approximately t = 7T/8b ecause of the "spring back" of the pressure wave.The period ended at t = T ,and the flow pattern returned to its initial state for the beginning of the next cycle. Figure 8shows the numerical simulations of the vorticity contours in eight snapshots within one oscillation period. The plots illustrate the periodic shedding of vortices at the leading edge of the cavity.These vortices were convected downstream by the boundary layer flow.
The instantaneous streamlines at t = 3T/4w ere obtained to reveal the vortical structures developed inside the cavity (Figure 9) .A ss hown in the plot, there wasa large re-circulating flowa tt he center of the cavity coupled with smaller re-circulating regions on the right side of the cavity.I nt he left corners, secondary re-circulating regions were formed, drivenbythe relatively large region in the center.The re-circulating flowcaused the shedding of vortices and the instability in the shear layer behind the trailing edge of the cavity opening.
Reduction of wind buffeting noise by deflectors
With the aid of the numerical tool described earlier,t wo types of generic deflectors were designed to tackle the buffeting noise for the flowo vert he cavity.F igures 10a and 10b showt he schematic representations of these twod esigns, which are referred to as Model Band Model C, respectively.M odel Bw as as imple deflector that wasd esigned to reduce the vortexs hedding at the leading edge of the cavity.M odel Cw as an improvedd esign that was used for reducing the wind buffeting flowatrelatively high mean flowspeeds. Figure 11 shows three plots of the power spectral density (PSD)o fm easured pressures for three different free stream velocities at 15, 20, and 25 m/s. In each plot, the measured sound spectral densities for Models A, B, and C are shown. Further,the background noise levels are shown for reference. These background noise levels were measured separately when the wind tunnel wasoperated in the absence of the cavity at the respective flows peeds. The measured results for Model A(cavity without adeflector) confirmed the quasi-harmonicity of the fluctuating pressure [25] . However, different mean flowvelocities induced different modal resonant frequencies. An improveddesign of the deflector,Model C, wasthen developed on the basis of the idea of "venting."M odel C wasexplored by introducing avent in the deflector for controlling the buffeting noise. Figure 10b shows the design of the vented deflector.The experimental results for Model C at the three mean flowspeeds are also shown in Figure 11 . We could see that this improveddesign waseffective in reducing the wind buffeting noise even at amean flowspeed of 25 m/s, at which Model Bwas not effective.
Effectiveness of deflectors fors uppressing wind buffeting noise
To understand the noise reduction mechanism of the vented deflector,i ti si nstructive to showt he detailed numerical analyses that were used for finalizing the design. It should be mentioned that the maximum flows peed of the wind tunnel was25m/s.
To understand the effect of deflectors on the shedding of vortices, the second invariant of the velocity gradient tensor, Q,was introduced; Q is defined as
where the vorticity tensor Ω ij and the rate of strain tensor S ij are, respectively,given by
The so-called Q criterion [32] waschosen for the detection of the vortices in the numerical simulations. Figure 12 shows the instantaneous isosurfaces of Q for different models (t = T/4).The deflector wasdesigned to reduce the shedding of vortexb yt he leading edge of the cavity mouth, and the velocity gradient inside the cavity itself wasconsiderably small. As aresult, there were few small vortexstructures generated inside the cavity when a newdeflector wasinstalled. Figure 13 shows the distribution of instantaneous vorticity and the structures of the shear layer near the cavity openings (t = T/4).T he shear layer in Model Ch ad the widest distribution of flowinstabilities near the opening butanarrower distribution in the cavity.Contrastingly, the shear layer in Model Ai nduced fewfl ow instabilities at the opening, butitcreated more vorticity structures inside the cavity.Finally,the vorticity structure of Model B lay somewhere between those of Models Aa nd C. From the viewpoint of energy conservation, the deflector provided effective dissipation of energy at the opening, which led to reduced energy dissipation in the cavity.Hence, the presence of ad eflector at the opening of the cavity could not trigger strong pressure fluctuations inside the cavity. Av ented deflector (Model C) can lead to even more energy dissipation at the cavity opening, as illustrated in Figure 13 . This phenomenon echoed the conclusion of Krishnamurthy [27] in that the sound intensity induced by aturbulent boundary layer is weaker than that due to alaminar boundary layer. Figures 14 and 15 showsnapshots of the instantaneous pressure contours for Models Band C, respectively.These simulated results suggested that there existed strong vortex shedding and pressure fluctuating in Model B, butt here wasarelatively weaker pressure fluctuating in Model C.
As demonstrated in Figures 12, 14 and 15, the vent slots on model Cmodified the flowstructure of the shear layer significantly such that the unsteady vortexstructures shed from the deflector were directed towards the outside of the cavity.I nt he contrast, there were still certain amounts of vortices shed into the cavity as shown in Figure 12 for model B. This flowc ontrol mechanism contributes to the reduction of buffeting noise in model C. This can be confirmed by experimental and numerical results as follows. Figure 16 shows the predicted and measured sound power spectra at the monitoring point for Models Ba nd Cf or a mean flowspeed of 25 m/s. The simulation results agreed well with the experimental results for both the deflectors. There wasn or esonant peak in the power spectrum of Model C, which implied that the wind buffeting noise in the cavity waseffectively suppressed by the vented deflector.
Conclusion
In this study,wedemonstrated that aset of incompressible Navier-Stokes equations could be used for simulating the flowoveracavity.Anassumption of aweak compressibility effect wasalso required as it allowed the introduction of as ource term in the continuity equation. The application of this computational scheme led to ahigh-fidelity simulation of the flowoveracavity with and without adeflector. It allowed ar easonable prediction of modal resonant frequencies that were in good agreement with the Rossiter formula. More importantly,t he present study exemplified the usefulness of computational fluid dynamics (CFD)i naircraft and automobile design. In particular,C FD wasa p- plied to design ageneric vented deflector for reducing the wind buffeting noise in an open cavity.N umerical simulations were used for comparing the flowfi elds and flow instabilities induced by the shedding of periodic vortices at the leading edge of the cavity.This better understanding of flowfields led to abetter design of avented deflector for reducing the wind buffeting noise at high flows peeds. In the present study,the vented deflector showed superiority in the reduction of the wind buffeting noise by modifying the flowstructure of the shear layer.The sharp edge of the slot used in the present study may increase the broad-band noise levels, particularly,atthe high-frequencyrange. Future study should be directed to ac omprehensive evaluation and abetter understanding of the vented deflector for reduction of the wind buffeting noise in cavities.
